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Ferritin Structure from Mycobacterium tuberculosis.
Comparative Study with Homologues Identifies
Extended C-Terminus Involved in Ferroxidase Activity
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Abstract

Ferritins are recognized as key players in the iron storage and detoxification processes. Iron acquisition in the case |of
pathogenic bacteria has long been established as an important virulence mechanism. Here, we report al3dyAtal
structure of a ferritin, annotated as Bacterioferritin B (BfrB), frdvycobacterium tuberculos{®tb), the causative agent of
tuberculosis that continues to be one of the worldOs deadliest diseases. Similar to the other members of ferritin family, the
Mtb BfrB subunit exhibits the characteristic fold of a four-helical bundle that possesses the ferroxidase catalytic centre. We
compare the structure of Mth BfrB with representatives of the ferritin family belonging to the archaea, eubacteria and
eukarya. Unlike most other ferritins, Mtb BfrB has an extended C-terminus. To dissect the role of this extended C-termin:l:s,
truncated Mtb BfrB was purified and biochemical studies implicate this region in ferroxidase activity and iron release i
addition to providing stability to the protein. Functionally important regions in a protein of known 3D-structure can be
determined by estimating the degree of conservation of the amino-acid sites with its close homologues. Based on thd
comparative studies, we identify the slowly evolving conserved sites as well as the rapidly evolving variable sites an
analyze their role in relation to structure and function of Mtb BfrB. Further, electrostatic computations demonstrate that
although the electrostatic environment of catalytic residues is preserved within the family, extensive variability is exhibited
by residues defining the channels and pores, in all likelihood keeping up with the diverse functions executed by thesq
ferritins in varied environments.
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Introduction family consists of three sub-families, the typical iron storing ferritin
) ) (Ftn) present in both prokaryotes and eukaryotes, the heme
_ Iron represents an essential element for almost all organisms @gntaining bacterioferritin (Bfr) and DNA-binding protein from
it is involved in many biological processes such as electroganed cells (Dps) found only in prokaryotes. The representative 3-
transport, DNA synthesis and various redox reactions [1]. Whilegimensional crystal structures from all three ferritin subfamilies are
iron deprivation in an organism causes cessation of growth leadingyailable in a number of species, e.g., human [6,7], frog [8,9,10],
to its death, an increase in iron results in the production of reactiv@yorse [11,12], soybean [13], insect [14Escherichia cHB],
oxygen species (ROS) that damage the basic components of tiiympylobacter j¢RBB code: 1krqg; unpublished worByrococcus
cell such as nucleic acids and lipid membranes [1]. Hence, th@uriosug16], Archaeoglobus fuldititis Helicobacter pylpi8],
need for maintaining iron homeostasis is imperative for the cellularhermotoga maritiB®B code:1vlg; unpublished work)isteria
growth of organisms. Ferritins are ancient proteins that store ironnnocufl 9], Desulfovibrio desulfurj2@hsBacillus bre\izl] and
away from the delicate machinery of the cell to be released agaigthers. Despite significant differences in the primary sequences,
in a controlled fashion at the time of need. The iron storagethe tertiary and quaternary structures of various ferritins are found
mechanism involves binding of ferrous iron to ferritin proteinto be strikingly similar. The ferritin subunit structure, a
followed by migration to the ferroxidase catalytic site wherecharacteristic four-helical bundle (helices A-D) plus a long loop
ferrous iron [Fe(ll)] is oxidized to the ferric [Fe(lll)] state. Oxygen that links helix B to helix C, essentially defines the iron storage
and hydrogen peroxide represent the major cellular oxidants fofunction of the protein. The ferritin and Bfr proteins exhibit the
this oxidation reaction [2]. Subsequently Fe(lll) is transferred andsame quaternary structure where 24 subunits assemble in
sequestered as ferric mineral in the storage cavity of ferritioctahedral 432-symmetric arrangements to form a roughly
making it available for the cell at the time of iron deprivation [3]. spherical protein shell enclosing a hollow cavity that holds
Ferritin molecules are present in all forms of life and are key, 5000 molecules of Fe(lll) mineral. Ferritin from hyperthermo-
contributors in maintaining iron homeostasis [4,5]. The ferritin philic archaeon Archaeoglobus fulgiB@B code: 1s3q) is an
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BfrB crystals.

Table 1. Data collection and refinement statistics for Mtb

Diffraction data

Space group

Unit-cell parameters

Temperature (K)

Wavelength @

Crystal-to detector distance (mm)
Resolution limit @

No. of observed reflections
No. of Unique reflections
Completeness (%)

Average redundancy

Mean I/( (1)

{Rmerge (%)

No. of molecules in ASU
Matthews coefficient @ Da? %)

Solvent content (%)

C121

a=226.0/0=226.20¢c=113.7%
b=94.41

120
1.5418
180
31.993.0 (3.193.0)
226119 (30062)
92122 (13564)
81.4 (82.2)
2.5 (2.2)
7.8 (3.1)
13.7 (25.8)
24
2.9
57

Refinement and model quality

Resolution ¢

No. of reflections used
Completeness (%)

Ruorkd "Rree (%)

rms deviation bond lengths (fA
rms deviation bond angles
Average B factor &)

Number of protein/solvent atoms
Ramachandran validation
Residues in favoured regions (%)
Residues in allowed regions (%)

Residues in disallowed regions (%)

31.993.0 (3.08D3.00)
92083 (6492)
81.2 (82)

20.9/23.6 (26.5/31.2)

0.009

1.058

16.1

31623/360

98.5
0.6
0.9

omitted during the refinement.

Values in parentheses are for the highest resolution shell.

{Rmerge =g hkig i [Ihki2, Ihkl. |/g hKig ilhkl, where Ihkl is the intensity of an
individual measurement of the reflection with Miller indice#, k and | and
, Ik is the mean intensity of redundant measurements of that reflection.

{Ryork= Shui [FoniR FGniil/Shii [FQnkiyl, where Foand Fcare observed and
calculated structure factors, respectively.

'Rree calculated for a randomly selected subset of reflections (10%) that were

doi:10.1371/journal.pone.0018570.t001

M. tuberculosi®frB Structure

resolution dataset (3.8) &f BfrB tagged with a Strep-Tactin tag at
the C-terminus exhibited reasonable contiguous density for
residues 164-173 in some subunits (data not shown) and provided
evidence for alternative 2 (as defined in Figure 4A). This structure
was modeled in the higher resolution wild type BfrB structure but
unfortunately exhibited density in only one subunit. As the C-
terminus 174-181 stretch appears robust in all 24 subunits, it is
being labeled as fiy (blue in the Figure 4B). However, the
minimal density for the C-terminus 164-173 in other subunits
indicates that this region of the C-terminus is flexible and hence is
being labeled Geyinie (red in Figure 4B). The electron density for
the residues (H175, R180 and L181) belonging tg{XFigure 4C)
provides confidence that the model shown in Figure 4B has a good
chance of being in register. Interaction of R180 with E54 and N57
could be the reason for fGq adopting this stable structure
(Figure 4D). Interestingly, this portion of the C-terminus that loops
back to interact with B-helix at the 3-fold junction is positioned at
the bottom of the ferroxidase centre.

Structure of Mtb BfrB: Conservation and variation

Similar to the assembly of other ferritins from eukaryotes and
prokaryotes, the macromolecular Mtb BfrB exhibits a cage-like
hollow shell constituting of 24 monomers that are related by 432
symmetry (Figure 2). In the final structure, all subunits exclude the
N-terminal 1-9 residues. Further, with the exception of subunit A,
Crexible IS NOt modeled in rest of the subunits. A structure based
multiple sequence alignment of Mtb BfrB with homologous
ferritins from all kingdoms shows low sequence identity ranging
from 11 to 28% (Table 2, Figure 3), yet a very high degree of
structural similarity. The solvation free energy of a protein
molecule reflects the effect of solvent (water) associated with its
structure and is often correlated with its thermal stability [42,43].
The solvation energies computed for single subunits of listed
structures (Table 2) reveal that among the mycobacterial ferritins,

Mtb BfrB contains an uncommon extended C-terminus
The model constituting of residues 10-163 (in all 24 subunits)
was built without any ambiguity (Figure 2) but the C-terminal
stretch (164-181) posed a problem. This stretch is extended as
compared to most of the other members of the family and is highly
specific to mycobacteriaceae (Figure 3). Definite electron density
could be traced for the far end of the C-terminus (174-181) in all
subunits and hence poly ala for this stretch was built in. This
stretch lies on a 3-fold junction of BfrB (Figure 4A). Due to the
discontinuity in the protein backbone, it became difficult to decide
the orientation of this stretch, as no significant difference was
observed in Ree 0N building it either way. Moreover, uncertainty

Figure 2. Crystal structure of an asymmetric unit (24 subunits)

existed in assigning this stretch to a particular subunit, since ma

of Mtb BfrB-WT. The ribbon diagram of the contents of asymmetric

NYnit (24 subunits) of Mtb BfrB-WT crystal down the 4-fold channel

possibilities (intra- as well as inter-subunit) existed as depicted wigrresponds to the near spherical biological form of the protein.
black dashed lines in Figure 4A. Structure of another lowerdoi:10.1371/journal.pone.0018570.g002
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M. tuberculosis BfrB Structure

Figure 4. C-terminus Mtb BfrB. (A) Ribbon representation of the 3-fold channel, composed of subunits A, B and C when viewed from inside of the
molecule. Unambiguous region of the subunit (10D163) is shown in green whereas poly-ala stretch for residues 174D (€shown in blue. Due

to absence of any electron density for residues 164D173die), initial uncertainty existed in threading this far C-terminus end with the rest of the
subunit. Many possibilities existed that are numbered 1 to 4 in figure 4A (drawn by black dashed lines). For example: subunit A could be connected to
the same Gigiq either as shown in model 1 or as shown in model 2. Equal probability existed for inter-subunit connectivity as subunit A could be
linked with G;4iq Stretch located at subunit C (model 3) or with (g4 located at subunit B (model 4). (B) Final Mth BfrB model built as per the model
possibility 2 from figure 4A. Ribbon structure corresponding to iinie residues 1649173 in subunit A of Mtb BfrB as viewed from inside of the
molecule is shown in red color and the C-terminus of the monomer is labeled. (C) 2Fo-Fc electron density mapgrife 164D173 region of subunit

A contoured at 1.Gs show side chain density for residues P168, H175, R180 and L181 and provide confidence in the orientation and connectivity. (D)
View of Mtb BfrB monomer in cartoon representation showing interaction of C-terminus with B-helix. The interactions of E54 with N57 and R180 are
shown with black dashed line. The iron atoms (shown as brown spheres) are taken frByrococcus furiosus structure (2jd6:0) and represent the
putative bound iron at the ferroxidase centre.

doi:10.1371/journal.pone.0018570.9g004

Mtb BfrA appears to be more stable, an observation that need€-helix (P88 to D115), D-helix (F119 to R148) and E-helix (L153
further investigation. to E163). The RMSD’s in backbone positions of aligned residues
Despite low sequence homology across kingdoms, the ferritiwhen BfrB is superposed (in pairs) with known ferritin structures
structural fold is highly conserved. Figure 5 presents cartoowary between 1.1 Aand 1.8 A whereas, when superposed with
diagrams of the subunit structures of Mthb BfrB, archaeal andmycobacterial Bfr and Dps members, the value is slightly higher
eubacterial ferritins, mammalian and non-mammalian eukaryoticand corresponds to 2.2-2.4 ATable 2). This variability is
ferritins as well as mycobacterial heme-containing Bfr and Dpseasonable as the latter two are paralogues from two distinct
proteins, illustrating the striking similarity in their global subunit ferritin subfamilies. The consistent structural features among all
folds. three types of mycobacterial ferritins are helices (A-D) forming the
The results of a structure based multiple sequence alignmertharacteristic four-helical bundle. The placement of the short E
with the program DALI [44] shows the highest Z-score2@.0) for  helix varies within the subfamilies. In Mtb BfrB and other ferritins,
Mtb BfrB with ferritins belonging to eubacteria and archaea. this helix lies 60to the central axis of the four-helical bundle,
The conserved region of each BfrB subunit is composed of thevhereas, in Mtb andM. smegmatis heme-containing Bfrs and Dps
A-helix (H12 to S38), B-helix (P42 to D68), BC loop (R69 to R87),proteins, this helix is roughly perpendicular to the axis (Figure 5E).

@ PLoS ONE | www.plosone.org 5 April 2011 | Volume 4 | Issue 6 | e18570









M. tuberculosi®frB Structure

Figure 6. A ConSurf analysis for Mtb BfrB structure. The residues in the 3D cartoon structure as well as in the primary sequence are colored by
their conservation grades using the nine grade color-coding bar, with turquoise-through-maroon indicating variable-through-conserved. Yellow
colored residues in the sequence panel denote regions that were assigned conservation level with low confidence due to insufficient data and hence
have been excluded from the analysis. Highly conserved and variable residues are marked and depicted as sticks. Location of the conserved
ferroxidase site as well as the variable 4-fold and 3-fold channels is marked with dotted oval (red), diamond (yellow) and triangle (green) resggctiv
The analysis was carried out using one subunit of Mtb BfrB structure and multiple sequence alignment given in figure 3. (B) A phylogenetic tree of
ferritin representatives constructed by the ConSurf server.

doi:10.1371/journal.pone.0018570.g006

pairwise comparison of the electrostatic potentials of a single suburiihe variability in the composition of 4-fold channels among the
of all the ferritin family affiliates is displayed as a colorized matrix irferritin  family members is obvious from Figure 3 (residues
Figure 10A. Red/orange colors indicate similar potentials, whereaighlighted in yellow color) and Figure 6A. The 3-fold channel is
blue color point towards proteins with more distant electrostatidined with R114, D115, E122, Q123, Q126 along with carbonyl
potentials. In addition, a tree-like dendogram along the side of th@xygens of S171 and G172 pointing into the channel (Figure 9).
image clusters the proteins into groups of similar electrostatiPositions other than Q123 and Q126 (having conservation grades of
potentials and displays the relation between them. Here only th& and 7, respectively) display variability amongst the ferritin
relatedness of the leaf nodes is displayed without makinghembers (Figure 3 and Figure 6A). S171 and G172 residues form
assumptions about evolutionary timeline. The length of the tregart of the extended C-terminal region. Negative and positive
branches in the dendogram is not a quantitative measure o€harges may create an electrostatic field to direct ferrous ions into
relatedness but is scaled for optimal display. The figure shows th#tte interior of the protein shell similar to that proposed for
nearest neighbours of Mtbh BfrB are the homologues fRyrococcus recombinant human H-chain ferritin [49]. A pore large enough to
furiosuRjd6_0) and soybean (3A68_A) while the farthest is that of Laccommodate an iron atom is created from residues (highlighted in
chain ferritin from red cells of Bullfrog (1rcc_A). Distances rangeplum color in Figure 3) from three subunits namely, D37, S38, D40
from 0.37417 to 1.54013. Similar comparison restricted to thefrom one subunit, L67, D70, R72 from the second and A137, T141,
ferroxidase centres of ferritins in Figure 10B indicates thatR144, D165 and V166 from the third subunit (Figure 11). With the
ferroxidase centre of BfrB most highly resembles those aoéxception of T141, D165 and V166 that present variability, most of
Campylobacter jejlikig_A) andHelicobacter py(8tve_A) while these residues show moderate level of conservation. This pore, lined
the largest difference again lies with that of Bullfrog L-chain ferritinmostly with negatively charged residues N34, D66, D132, E135,
(1rcc_A). Distances range from 0.32249 to 1.60437. T136 and E139, also exists in Mtb BfrA [38] and appears to be the
most likely route for iron entry/exit to/from the Bfr cavity.

4-fold channels, 3-fold channels and the B-pore

The exterior and interior of the ferritin shell are primarily Intra- and inter-subunit Interactions
connected via channels along the 4-fold and 3-fold symmetry axes. The extensive and cooperative intra- and inter-subunit interac-
These channels are known to be involved in the entry and exit ofions are responsible for folding/stability of ferritin assembly as
iron ions [50,51,52]. Despite a very similar overall topology, aillustrated by a study analyzing the stability difference between
remarkable heterogeneity is observed for the subunits of differeftuman H- and L-chain ferritins [53]. To define more specifically
classes of the ferritin superfamily, indicative of different potentiathe stabilizing interactions in the structure of Mtb BfrB, all the
functions executed by its various members [5]. As illustrated irenergetically significant interactions are compiled in Table 3 and
Figure 8, the 4-fold channel of Mtb BfrB is lined with N152, F154, analyzed with respect to conservation with other representative
E155 and R162, where the exterior mouth of the channel isstructures. The salt bridge between R69 of the BC loop and D118 of
negatively charged while the interior mouth is positively chargedthe short CD loop is not only a conserved interaction in ferritins but
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Figure 8. Molecular surface along the 4-fold channel of Mtb BfrB. The surface is colored according to the values of electrostatic potential
positioned as viewed from the (A) interior and (B) exterior of the octahedral shell. The molecular surface of ferritin was cut in half by an imaginary
plane for the interior view. The insets show the close up view and the conformation of the residues at the 4-fold junction.
doi:10.1371/journal.pone.0018570.g008

species in a reaction containing 1:500 ratio of protein:iron.showed the presence of this extended C-terminal region. Although
Comparison of the native BfrB with the truncated protein showeduncertainty existed in the side chain conformation of thg,fge
that removal of the extended C-terminus causes a 3.5-foldegion (the proximal region of the stretch), the electron density for
reduction in the oxidation rate of Fe(ll). While the native protein the Ggiq (the distal region) left no ambiguity in the structural
oxidized all the iron within the first 3 minutes, the truncated definition of this expanse (Figure 4C). Moreover, thermal
protein required 13 minutes for the same (Figure 13A). Release afenaturation curves confirm that the presence of C-terminus
mineralized iron from ferritin was measured by the reduction ofrenders stability to Mtb BfrB (Figure 12B). This is also in
Fe(lll) to Fe(ll) in the presence of reductant sodium ascorbategreement with the presence of;fa stretch (174-181) with
followed by complexing of the released Fe(ll) with ferrozineresidue R180 interacting with E54 and N57, as observed in the
reagent resulting in a pink coloured complex, which could becrystallographic analysis, thus this stretch (174-181) seems to
measured spectrophotometrically at 570 nm. The truncatedconfer additional rigidity to the protein.
protein exhibited a 20% reduction in the release rate as compared Although the ferritin sequence froRyrococcus furiosus also has
to the native protein (Figure 13B). the unusually extended C-terminus, the complete structure for this
extended stretch is not available (Figure 3). Analysis of the funnel-
shaped 3-fold channel divulges some interesting insights
(Figure 14). This junction of three ferritin subunits is known to
The Mtb ferritin BfrB adopts the highly conserved structural be a dynamic aperture that regulates iron entry/eritvivo. The
architecture of the ferritin family, consisting of 24 subunitslining of the three fold channel in the caseRyfococcus furiosus is
arranged in an octahedral symmetry enclosing a hollow cavitynarked by the presence of positively charged residues, whereas the
for the storage of iron. Multiple sequence alignment revealed théhree-fold lining in case of Mtb BfrB is dominated by the presence
presence of an extended C-terminal region comprising of 1&f negatively charged residues (Figure 14) suggesting that the
residues in mycobacterial ferritins. The structure of Mtb BfrB predominance of these negative charges would enhance iron

Discussion
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